Exergy analysis is a universal method for evaluating the rational use of energy. It can be applied to any kind of energy conversion system or chemical process. An exergy analysis identifies the location, the magnitude and the causes of thermodynamic inefficiencies and enhances understanding of the energy conversion processes in complex systems. Conventional exergy analyses pinpoint components and processes with high irreversibility. To overcome the limitations of the conventional analyses and to increase our knowledge about a plant
Introduction and background
Exergy analysis is a mighty tool for development, assessment and improvement of all existing energy systems. A conventional exergy analysis denotes components and processes into the energy systems that are highly unrecoverable [1] . For complex energy systems, with large number of components, exergy destruction of a certain component depends on its own characteristics, but also on other components inefficiencies. The conventional exergy analysis displays certain limitations which are considerably decreased in an advanced or --------------Since the engineering analyses, energy systems are very often idealized as being at steady-state, meaning that all the properties are not changed in time. For a control volume at steady-state, the identity of the matter within the control volume changes continuously, but the total amount of mass remains constant [17] . The control volume energy balance rate at the steady state for the k-th component, without kinetic and potential energy, is [18] :
The conventional exergy analysis, presented in this paper, can be classified as exergy flow method or exergy balance method [19, 20] . According to this method the control volume exergy balance rate at the steady state for the k-th component of the energy system can be expressed as [18] :
Fuel-product concept and splitting exergy destruction
Definitions of exergy efficiency and exergoeconomic analysis rely on the so-called concept of ''Fuel-Product'' [13] . The product is defined in accordance with the aim of purchase and the use of the component. The term fuel stands for the primary energy, raw materials, semi-products and others, which is needed for making product. In exergy analysis the fuel and the product are expressed by means of exergy dimensions. The value of exergy destruction for tne overall energy system, can be calculated using the ''Fuel-Product'' concept from the exergy balance for the total energy system:
Using the same concept for component level, exergy balans can be expressed as:
The loss of exergy is characterized as irreversibility as a result of the interaction between the system and the surrounding environment. These irreversibility values may be determined by the transfer of matter in the surroundings or by transferring the heat energy or work in the surrounding. Often the exergy loss presents a small part of thermodynamic inefficiencies, while the most part generates unrecoverable values within the system. If the boundaries of a system or a component are set where the temperature is equal to the referent environment temperature, all the thermodynamic inefficiencies are assigned to the exergy destruction, while the exergy loss is equal to zero, Ė L , k = 0.
The industrial plants or complex energy systems are built to produce one or more finished products. On the other hand, the resource identified by means of electrical and/or energy flows becomes the fuel for the whole energy system. Therefore, all components in the energy system have its fuel and products, but the whole system also has its fuel (the resource) and its products (finished products).
The total exergy destruction calculated from the exergy balance of the component can be splitting into an avoidable and unavoidable part [4, 21] :
The unavoidable part of exergy destruction of the component presents a part which cannot be eliminated, even if the best available technologies are used. In order to determine the unavoidable part of exergy destruction in a system component, it is required to consider each component separately from the others, as if it was removed from the system [22] . At the same time, the premise is that the component works in unavoidable conditions -with high efficiency and minimal losses [1] . Under these conditions, the specific unavoidable exergy destruction is defined as the ratio between the exergy destruction of the component and the exergy of its product (Ė D ,
The specific unavoidable exergy destruction should be multiplied with the exergy of product of the component in real operating conditions [23] :
The calculated value using the equitation (6) represent a part of exergy destruction of the component which cannot be avoided in the observed energy system. When calculating the unavoidable part of exergy destruction, the decision maker has to introduce certain presumptions related mainly to the work conditions of the components, that are, to some extent, arbitrary and rely on the subjective comprehention and predictions related to the future enhancements.
The avoidable part of exergy destruction represents the difference between the total exergy destruction of the component and the part which cannot be avoided, eq. (5). Thus, the avoidable part of exergy destruction is the objective potential for improving the efficiency of the component in an energy system.
Real and unavoidable operation conditions and exergy efficiency
Making a distinction between the avoidable and unavoidable part of exergy destruction is possible only after defining the total value of exergy destruction for the component under considerations. Calculating the total value of exergy destruction is the first step in the conventional exergy analysis or in observes the energy system in realistic conditions. The real operation conditions include real in-going data and actual thermodynamic efficiency for all components in energy system under considerations. Using the data obtained from the conventional exergy analysis application, one cannot get insight into improvement potential of the entire energy system or certain components. Moreover, contributions of other components are not recognized.
In order to define the potential for possible further improvement of each component, it is necessary to define the so-called unavoidable operation conditions which are going to be valuable when determining the unavoidable parts of exergy destruction of a component in an energy system. The unavoidable operation conditions are those which are not probably going to be satisfied in the near future if one takes into account the current development tendency for a particular system component. Defining of the unavoidable operation conditions is based on an assessment by decision makers and is more or less influenced by knowing the process, theoretical knowledge, following the current progress in science. In general, the unavoidable operation conditions are the better than the real working ones, but they are not equivalent to the ideal (theoretical) operation conditions. Table 1 summarizes assumptions of real and unavoidable operation conditions based on approach published in [22] . In the heat exchanger, the minimum temperature differences in unavoidable conditions have been estimated in accordance the temperature levels of steam and water in the referent plant. Heat losses to the environment for devices are estimated 2% of heat capacity.
Table 1. Assumptions of real and unavoidable operation conditions
The exergy efficiency is one of the most important criterions for evaluation of the system or components from the thermodynamic point of view. Exergy efficiency in a ''FuelProduct'' concept was defined by Tsatsaronis in 1993 at the component level as a ratio between the exergy values of the product and the fuel:
Exergy efficiency is frequently also given in the next form:
Exergy efficiency shows what percentage of fuel exergy can be found in a product exergy of a system, plant or component under consideration. The difference between 100% and the actual value of exergy efficiency equals the percentage of fuel exergy which has been lost in a system either as exergy destruction or exergy loss [18] .
When represented with a mathematical expression (8), exergy efficiency is suitable for determining the maximum exergy efficiency in a component [23] :
The component will have maximum exergy efficiency when it working with minimal value of specific unavoidable exergy destruction, eq. (9). 
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A useful variable for comparison of dissimilar components is the exergy destruction ratio, defined at the component level as:
The exergy destruction ratio is a measure of the contribution of the exergy destruction within the k-th component to the reduction of the overall exergy efficiency [1] .
Exergoeconomic analysis
Exergoeconomic costs basically stand for the monetary costs of stream of matter and energy flows. The functions of exergoeconomic costs for: incoming and outgoing stream of matter, exergy connected with the work transfer and exergy related to the heat transfer may be represented as products of average exergoeconomic costs per unit of exergy and a suitable value of exergy and work in the following forms [18] , respectively: C c E c Q T T . In the "Fuel-Product" concept, for an energy system in a steady state, the cost of finished products equals the sum of the resource costs, costs regarding capital investment, operation and maintenance, and it can be presented in the following mathematical expression:
Equation (11) represents exergoeconomic balances of the overall energy system. The same form of eq. (11) is valid for the component level, also.
Defining exergoeconomic costs implies determining exergoeconomic balance for every component individually within a system. Exergoeconomic balance for every component shows that the sum of exergoeconomic cost rates associated with all exiting exergy streams equals the sum of exergoeconomic cost rates of all entering exergy streams plus a value of costs regarding capital investment and operating and maintenance. For a component receiving a heat transfer and generating power, the exergoeconomic balance can be expressed as [18] :
If it is a case of those components which exploit energy (such as compressors or pumps), the second term of eq. (12) moves to the right side. Furthermore, the first term on the right side of eq. (12) moves to the left side in the case of a heat emitting component. In general, exergoeconomic balance is always given with the terms being positive. By using mathematical expressions for,
The values for the exergy in stream of metter and energy flows are estimated by exergy analysis. The value of non-exergy costs is calculated from the levelized costs regarding capital investment, operation and maintenance on a yearly basis and is given with a time unit (year, hour or a second). In case of determining exergy costs for each of m flows within one energy system, it is necessary to write m independent equations. If one or more components have any outgoing flows that are not qualified as the loss flows, or a branching there of, additional equations for each component have to be added. The number of added equations is equal to the number of outgoing flows minus one.
The relative cost difference for the energy system components is defined as:
This variable stands for the relative increase in costs per exergy unit between the fuel and product of the component in question. The relative increase in costs is very useful when both calculating and optimizing the system component.
Process description
The energy system in a representative factory, fig. 1 , consists of four parts: Energy supply sector (EN), Factory 1 (F1), Factory 2 (F2), and Engineering department (ED).
Energy supply sector is a part of the factory complex where chemical and thermal treatment of water is carried out, and superheated steam for their own use and supply of all other consumers is produced. Also, in this section, compressed air and cooling water for the whole factory complex are prepared. The boiler produces superheated steam at the pressure of 10 bar, which is then distributed to factories 1 and 2, and partly reduced at lower pressures in accordance with the needs of consumers. In this paper, it is assumed that the fuel used is heavy oil. Compressed air at pressure of 7 bar is prepared in the compressed air station where electricity is used to drive the compressors. Consumers of compressed air are Factory 1, Factory 2, and Engineering department. Cooling water for both factories is prepared in the evaporative cooling tower. A spray jet of cooling water, transported from the pool of hot water, spreads over the tube bundle of evaporative heat exchanger and collects into the reservoir. Forced air flow is provided with the centrifugal ventilator, while water drops removal within the air flow is prevented with the droplet eliminator. The cooled water transported with pump 4 to consumers in factories 1 and 2, and compressed air station.
Factory 1 is the largest consumer of energy in the whole complex and is supplied with energy using the superheated steam at the pressure of 10 bar, compressed air and cooling water. Electric energy is provided from a separate transformer station. The processes that consume the most of the energy supplied to the factory are: preparation of sanitary hot water, heating of manufacturing plants, thermal substation and technological consumers. Consumers in the factory use the steam at pressures of 10 and 4 bar. The condensate is collected in the condensate tank 2, and then transported with the pump 6 to the condensate tank 1. The sanitary hot water is prepared in the tank with capacity of 3000 liters. The primary fluid is steam at 4 bar which, after delivery of energy to the secondary fluid, condenses and goes to the condensate tank 2. The secondary fluid is water with temperature regime 12/60 C. Thermal comfort in the manufacturing hall during winter months is maintained with convectors. The steam at 4 bar completely condenses in the convectors and condensate is transported to the condensate tank 2. For operation of the fans in the convectors, electricity is used. The total power of the fans is 19.2 kW. In the thermal substation, the energy is transferred from the steam at pressure of 4 bar to hot water, which is used for the radiator heating system in the temperature regime 90/70 C. Technology customers produce the final product. Technology consumers use the steam at 10 and 4 bar. For technological reasons condensate at 4 bar is discharged into the drain ditch. The production technology requires the use of compressed air, which is rejected to environment after use.
Figure 1. Flow diagram of the representative industrial plant
Also, the cooling water in the factory is used for technological needs. During the production process, temperature of cooling water increases. All consumers of the electricity in the factory, as well as technological consumers are supplied with the electricity from a separate transformer station. Factory 2 is supplied with steam at pressure of 10 bar. Condensate from Factory 2 returns to the condensate tank 1. Engineering department requires steam at 4 bar. Condensate from the Engineering department is returned in the full amount.
In this paper, Factory 1 is discussed in detail. The effects of Factory 2 and the part that deals with Engineering department are considered on the basis of real values of superheated steam that they use. The representative system of the considered rubber factory was mathematically modeled with 30 components and 72 streams.
Results and discussion
Each segment of the system shown in fig. 1 was separately analyzed and for each component mass, energy and exergy balances were defined. The results of the thermodynamic and exergoeconomic analysis for selected steams are presented in tab. 2. Input data for the calculation were pressures and temperatures in different points of the flows of streams obtained from the existing process of the referent plant. Official data on lower heating values for the fuel were used. The cost of air provided was considered to be zero. The highest values of the cost rate C i , were reached in the representative industrial plant in streams that had high physical and/or chemical exergy.
For solving the defined mathematical model, a specialized software package called Engineering Equation Solver [24] was used. The results of the conventional and advanced exergetic analysis and exergoeconomic analysis at the component level are presented in tab. 3. The rate k Z for the steam boiler, circulation pumps and compressed air station was calculated include the estimated investment cost for implementing energy efficiency measures and real annual operating and maintenance cost, and for the other components by dividing the real annual operating and maintenance cost with the 4000 hours of system operation per year.
Having in mind that the reduce valves typically serve other elements, the reduce valve and the component it serve should be considered together [18] . In the manner of conventional exergy analysis, exergy of fuel and product, exergy destruction, exergy efficiency and exergy destruction ratio for selected components are presented in this paper. Values of unavoidable and avoidable exergy destruction are also presented for selected components in the advanced exergy analysis in this paper. Values of operation and maintenance cost, exergoeconomc cost and relative cost difference for selected components are presented in exergoeconomic evaluation.
Values for cooling tower were not calculated, because thay have no meaningful effect on the product, and thus no meaningful exergy efficiency, for a heat exchanger that allows heat transfer across the temperature of environment [18] . The impact of technological consumers on the other system components is taken through the flow rate values of process fluids, which correspond to the real plant depending on the amount of finished products.
The exergy efficiency of a total plant indicates that some potential exists for the improvement of the overall efficiency and reduction of costs. Exergy losses are mainly associated with the exhaust gases as well as the exergy transfer to the environment. From the total exergy losses, the loss of exhaust gas is 82.54% or 2,225.75 kW. All exergy losses account together for 9.82% or 2,696.69 kW of the fuel exergy supplied to the overall plant. More than 48% of the fuel exergy is destroyed within the plant components. The exergy destruction ratio provides information about the performance of each component and enables the comparison of dissimilar components. Values for exergy destruction ratio indicate that the boiler has most impact on reducing exergy efficiency of the overall system.
The steam boiler has a big potential for increasing the efficiency, forasmuch it having the highest value of exergy destruction ratio (46.78%), but very low value for exergy efficiency (49.12%).
When evaluating any energy system, we mainly focus on its avoidable exergy destruction, because it represents the potential for improvement. Advanced exergy analysis gives us information that 7.66% (983.84 kW) of exergy destruction for steam boiler is avoidable. Circulation pumps have the greatest potential for improvement (in %) using the best avoidable technology (more than 70%), but the absolute values are very small. Compressed air station has bigger values for improvement, 4.44 kW or 24.44%.
Exergy destruction in a deaerator is mainly caused by differences in temperature and pressure of the water streams being mixed. These thermodynamic inefficiencies can be completely avoided when the feed water and the steam have the same temperature and pressure and the plant component is considered in isolation. Having in mind that the capital investments of all existing components represent sunk costs in the real plant, capital investment is ignored in this paper for exergoeconomic performance evaluation.
Plant components with a large value of the sum
ZC should be improved first (STB, TSS, TCH). Components TCH, SHW, TSS, CT1, and PFH have the biggest relative increase in the average cost per exergy unit between fuel and product. Components such as CT1, SHW, TKH, and TSS have very high values of the relative cost difference, but it is noticeable that their values of exergy of fuel and exergy destruction are many times greater than the exergy of product. Therefore, the general suggestion is to reduce the exergy of flows 16, 53, 54, and 55 with the aim of increasing the efficiency of the overall system and reducing the consumption of heavy oil. 
